Nanoindentation tests were performed on the basal (0001) 
INTRODUCTION
An ultra-low-load indentation test or nanoindentation technique is now a prevailing method for near-surface studies [1] [2] [3] [4] [5] [6] [7] . This technique has become particularly useful in the study of mechanical properties and behaviour of thin films and coated systems [8] [9] [10] . The nanoindentation technique has been established as a means of determining the behaviour of small volumes of materials and materials with very fine microstructures, and is especially useful for studying nanophase composites. This method is also useful in probing the mechanisms controlling very near-surface mechanical properties of materials. The problems associated with the post facto measurements of indentations in microhardness tests are removed in this method by producing continuous load-depth-stiffness-time data [4, 5] . With accurate calibration of the tip-end geometry, a continuous measurement of the indenterspecimen contact can yield the elastic modulus value for the small sample volume being investigated [4] . The instrument used in this work, the Nano Indenter™ II, is fitted with a Berkovich tip (a regular triangular pyramid tip) reliably calibrated for loads down to 100 mN. And it is used to obtain, in particular, the elastic modulus and the hardness of the material investigated. Calibration of the indenter shape is very critical to the determination of the elastic properties and the hardness. This is more so since the indenter tip is more blunt than an ideal pyramid, hence the use of an ideal geometry for the indenter will result in a large overestimate of the hardness, especially at small depths [1] .
A typical load-displacement curve obtained for an elastic-plastic material using the nanoindenter is shown in Figure 1 . The total depth, h max , is the depth of the indenter at peak load, P max . The plastic depth, h c , is the depth of the indenter in contact with the sample under load. The final depth, h f , is the depth of indentation after unloading and it shows a significant decrease due to elastic recovery. The shape of the unloading curve can be used as a means of obtaining the elastic properties of the sample [1] . The slope, S, is the initial unloading stiffness and is given by [2, 11] (
where A is the projected area of contact and is determined by a method that has been developed and described by Oliver and Pharr [2] . E r is the composite modulus given by Using this technique the elastic modulus and the hardness of a material can be measured to within ±10% or better [11] . The hardness, H, defined as the mean pressure the material will support under load, can also be determined by the technique. H is computed from
where A is the projected area of contact at peak load. Fig. 1 . A schematic representation of load versus indenter displacement data for an indentation experiment. P max is the peak indentation load; h max is the indenter displacement at peak load; h f is the final depth of contact impression after unloading; and S is the initial unloading stiffness.
MATERIALS
The material under study in this work is the mineral tourmaline. Tourmaline is a group name applied to silicate minerals of the general formula XY 3 Tourmaline crystals show parallel grouping (or growth), and have a rhombohedral (trigonal) crystal structure with a space group of R3m. [14] . Tourmaline falls into a crystal symmetry class known as ditrigonal pyramidal [15, 16] . It cleaves very poorly on planes . The electrical conductivity of tourmaline is known to vary with temperature, crystallographic direction, and applied pressure, thus, it exhibits a linear piezoelectric effect. Hence, it is used for calibration of piezoelectric manometers and as transducers in various instruments. Tourmaline is a natural dichroic material and is used in polariscopes [17] .
Euhedral tourmaline crystals were used in this study. X-ray powder diffraction analysis showed the crystals to be the group member buergerite, NaFe 3 Al 6 (BO 3 ) 3 Si 6 O 18 (O,F) 4 [18] . They were of prismatic habit which is the usual habit of this mineral. The crystals were prismatic in shape. The prism faces had natural striations parallel to their length, which are evidence of a particular form: hexagonal prism in these cases. The morphology of the tourmaline crystals showed clearly pedion or monohedron (c {0001}) and hexagonal prisms
) special forms. For proper orientation determination, Laue x-ray backreflection was carried out on each of the crystals using a Philips PW 1729 back-reflection camera.
EXPERIMENTAL PROCEDURE
Nanoindentation tests were carried out using the Nano Indenter™ II, a mechanical properties microprobe supplied by Nano Instruments Inc, Knoxville, TN, U.S.A. Indentations were made on planes (0001) and } 0 1 10 { − of the crystal specimens. The specimens for tests were firmly waxed to aluminum stubs with a high purity thermoplastic wax (Lakeside 60) which melts at approximately 60°C. They were allowed to thermally equilibrate with the indenter cabinet for at least 12 hours so as to eliminate thermal drift as much as possible. The indentations were made using an indentation procedure which allows loading rates and force or displacement limits to be set. The cycle followed is (a) approach segment, this was to locate the surface of the specimen accurately; (b) loading segment, loading was done at 10 nm s -1 to a set force or displacement limit; (c) unloading segment, this was carried out at the same rate (as loaded) to some percentage of the maximum load; (d) hold segment, held at the percentage unload for specified time to calculate the thermal drift of the instrument; and (e) complete unloading segment, unload at the previous rate until all the load was removed. Indentations were made in a 2-dimensional array with ten indentations made at each load or displacement level and about 50 µm between neighbouring indentations. The peak load ranged between 1 mN and 500 mN [18] .
The data generated were processed using a proprietary software which converted the load and displacement in volts to load in mN and displacement in nm and corrected for load frame stiffness, thermal drift and spring constants etc. The data was examined and averaged for the ten indentations to produce the load-displacement curve for the specimens. The elastic modulus, E, and the hardness, H, were calculated with the 100 mN and 500 mN data because the indenter tip was reliably calibrated only for loads down to 100 mN and also because the tip was not ideally sharp. The tip calibration was done using single crystal ) 2 1 10 ( − sapphire [4] . Micro-hardness tests were also performed on each of the planes to obtain the indentation size effects (ISE) plots. A Vickers square-base indenter tip was used under a load range of 100 gf to 1000 gf i.e., 1 N to 10 N. An atomic force microscope (AFM), Autoprobe M5, produced by Park Scientific Instrument, was used for the micrography and line analysis.
RESULTS AND DISCUSSION
The load-displacement curve for the indentations on the (0001) and } 0 1 10 { − planes of the crystal samples are shown in Figures 2 and 3 respectively. The shapes of the curves are generally similar for all loads as pointed out earlier. The analysis of each of these curves was carried out to obtain the elastic modulus and the hardness of the material (Table 1) . The ISE plots in Figure 4 show that plane ) 0 1 10 ( − is harder than the (0001) plane. Also the size effect is much pronounced on the (0001) plane, leading to a cross-over of the curves below 1 N (at about 0.8 N) when extrapolated, with the (0001) plane becoming harder. This is confirmed by the results of the tests with ultra low loads showing higher hardness values for this plane, Table 1 .
The height profiles for the 50 mN indents on the two planes ( Figures 5 and 6 ) revealed that the indentation depth (indicated by the markers on the profiles in Figures 5b and   6b ) of the indent on (0001), 2107 Å, is less than that of the indent on (Figures 6a and 7b) . These cracks formed during the unloading cycle of the indentation. It is the material's response to the residual stresses formed when the plastic zone around the indenter tries to prevent the elastic zone from relaxing on unloading. Details of the origin of lateral cracks formed by sharp indenters have been fully discussed by Marshall et al. [19] . 
CONCLUSION
Studies of ceramics using the nanoindentation technique has proved to be very rewarding especially in the study of their mechanical properties. Ceramics are ordinarily very brittle materials but with interesting behaviour under very low loads. Planes (0001) and } 0 1 10 { − i.e., the basal and the prismatic planes respectively, are the most prominent planes in hexagonal crystals. It is known that brittle materials can flow or deform plastically under load at sufficiently high temperatures. Such plastic flow has been established on these prominent planes of tourmaline crystals under ultra low loads at room temperature, as evidenced by the indentations without fracture. Elastic deformation in this otherwise very brittle material is also confirmed by the presence of the pin-cushion effect along the edges of the indents. The prismatic plane however showed a higher stiffness than the basal plane as indicated by its higher elastic modulus.
